We report the red-emitting mechanoluminescence (ML) materials based on the piezoelectric semiconductors MZnOS:Mn 2+ (M = Ca, Ba) synthesized by solid-state reaction. Both of the CaZnOS:Mn 2+ and BaZnOS:Mn 2+ show red light emission upon the compressive load, and the CaZnOS:Mn 2+ emits a more intense red ML light at the same condition. We propose it should be considered to the polar non-centrosymmetric crystal structure of CaZnOS.
Introduction
The development of mechanical-responsive multifunctional materials has attracted much attention because of their practicability and applicability for sensing system. 1)4) One of the particular interest is the mechanoluminescence. Mechanoluminescence (ML) is a phenomenon where light emission is induced by mechanical stimuli, which can achieve the applications such as stress sensing devises for visualization of stress distribution and structural health diagnosis. 5)10) However, currently most of developed ML materials are insulators, which are difficult to realize the applications of electronic and optoelectronic. Recently, the multi-functional material Ba 1¹x Ca x TiO 3 :Pr 3+ , which can realize sensing and actuating through physical interactions according to the piezoelectric, optoelectronic and ML have attracted a lot of attention. 11) This material was developed by the interaction between the piezoelectric phase (Ba 0.77 Ca 0.23 TiO 3 :Pr 3+ ) and the electroluminescent (EL) phosphor phase (Ba 0.1 Ca 0.9 TiO 3 :Pr 3+ ). But imperfectly, BaTiO 3 :Pr 3+ is still an electric insulator, and it is less useful for building electronic devices. Piezoelectric materials that are used for fabricating electronic and optoelectronic devices are required to be semiconductors. 12) In recent years, multifunctional materials MZnOS (M = Ca, Ba) have received considerable attentions because of chemically and thermally stability than traditional sulfides. Both of them contain the [ZnX 4 ] (X = O, S) tetrahedrons and show a layered structure. As reported, CaZnOS and BaZnOS belong to the semiconductor with the direct band gap of 3.70 and 3.90 eV, respectively, making them to be promisingly used as electronic and optoelectronic devices.
13)15) Meanwhile, CaZnOS also exhibits a large piezoelectric coefficient (d33) value 38 pm V ¹1 which is much larger that of wurtzite ZnO (10.6 pm V ¹1 ), and ZnS (10.3 pm V ¹1 ). 16) If ML performance can be developed from MZnOS (M = Ca, Ba) matrix material, it should be a novel smart-material to realize sensing and actuating through physical interactions according to the electro-mechano-optical conversions.
Here, we report the ML properties of red emitting piezoelectric semiconductors MZnOS:Mn 2+ (M = Ca, Ba). The structure, photoluminescence (PL), phosphorescence and ML properties were studied by comparing the CaZnOS:Mn 2+ and BaZnOS: Mn
2+
. MZnOS:Mn 2+ (M = Ca, Ba) should be the new and important intrinsic piezoelectric semiconductor systems and have great potential to be used in multifunctional sensor, opticalelectrical integration and coupling devices. In addition, even the ML material CaZnOS:Mn 2+ has been studied by our group for sensing and imaging the multiple mechanical stresses, 17) but to our knowledge the systematical study on the ML properties of MZnOS:Mn 2+ (M = Ca, Ba) has not been reported.
Experimental
MZnOS:Mn 2+ (M = Ca, Ba) samples were synthesized by a solid-state reaction at high temperature. For comparison, the MZnOS:Mn 2+ (M = Mg, Sr) samples were also prepared. The starting materials were high-purity MgO, CaO, SrCO 3 , BaCO 3 , ZnS and MnCO 3 . The appropriate amounts of starting materials were weighed and ground in an agate mortar with ethanol, and then sintered under an Ar flow at 1100°C for 3 h. The Mn 2+ was doped to substitute the same amount of Zn 2+ and its doping concentration was confirmed at 1 mol %.
The crystalline phases of MZn 0.99 Mn 0.01 OS (M = Mg, Ca, Sr, Ba) were characterized by using X-ray powder diffraction (XRD; RINT-2000, Rigaku Co., Tokyo, Japan) with Cu K¡ radiation (1.5418 ¡; cathode voltage, 40 kV; current, 20 mA) at room temperature. The PL and phosphorescence decay curve of MZn 0.99 -Mn 0.01 OS (M = Ca, Ba) were recorded by using a fluorescence spectrometer (FP-6600, JASCO Co., Tokyo, Japan) equipped with a 150 W Xe lamp at room temperature. For evaluating the ML properties of samples, composite pellets (diameter, 25 mm; thickness, 15 mm) were prepared by mixing the MZn 0.99 -Mn 0.01 OS (M = Ca, Ba) powders (sieved to particle size smaller than 20¯m) with an optical epoxy resin. The pellet was exposed to UV light (254 nm) for 1 min, and the ML intensity under the load was measured after 5 min with a lab-made system, comprising a universal testing machine (RTC-1310A, Orientec Corp., Tokyo, Japan) and a photon-counting system, which consisted of a photomultiplier tube (R585S, Hamamatsu Photonics, Hamamatsu, Japan), a photon counter (C5410-51, Hamamatsu Photonics), and a computer, as previously reported. The testing machine applied a mechanical load, while the photon-counting system detected the phosphorescence intensity. The phosphorescence intensity has been removed from the ML intensity in all the samples. The ML spectrum was measured with a photon multichannel analyzer system (PMA-100, Hamamatsu Photonics Co., Japan). Images of the ML were recorded by a chargecoupled device (CCD) camera. According to a previous report, 13) this peak shift should be attributed to the further splitting of Mn 2+ in BaZnOS as compared with CaZnOS. The excitation spectra of both CaZn 0.99 Mn 0.01 OS and BaZn 0.99 Mn 0.01 OS extended a broad range of wavelength, which could be ascribed to the host lattice absorption and a small part of weak dd transition of Mn 2+ . It indicated that there existed efficient energy transfer from the MZnOS host lattice Fig. 3 . Figure 4 shows a comparison of ML response for MZn 0.99 -Mn 0.01 OS (M = Ca, Ba) under a compressive load, and the inset shows their crystal structures. Both of two samples showed an almost linear ML response to the applied load, but the ML intensity for CaZn 0.99 Mn 0.01 OS was more intense than BaZn 0.99 -Mn 0.01 OS, which was different from phosphorescence intensity. The reason was considered to be the different crystal structures of them. As shown in the inset Fig. 4 , BaZnOS has an orthorhombic structure that the ZnO 2 S 2 tetrahedra share all of their vertexes and form two sets of parallel chains along the a and c axes. The puckered zinc oxysulfide layers formed by the joining of these chains are separated by Ba cations in eight-coordination.
Results and discussion
18) The structure of CaZnOS is composed of layers of ZnS 3 O tetrahedral all aligned with ZnO bond vectors parallel and directed parallel to c-axis and linked at all their S-containing vertices, yielding [ZnS 3/3 O] 2¹ layers. 16) It shows a polar non-centrosymmetric structure, which is quite different from BaZnOS. Due to this special crystal structure, electric potential was easy to be generated from CaZn 0.99 Mn 0.01 OS under the load, result in more intense ML intensity than BaZn 0.99 Mn 0.01 OS. Moreover, thermoluminescence (ThL) of MZn 0.99 Mn 0.01 OS (M = Ca, Ba) has been also measured in the temperature region ¹190 to 200°C in order to provide evidence for trap states (not shown in figure) . It could be verified that there were several trap states in both CaZn 0.99 -Mn 0.01 OS and BaZn 0.99 Mn 0.01 OS. However, it is difficult to confirm the physical origins of these trap states, and further research is still necessary. Based on the experimental results and discussion, we propose a mechanism for the ML in MZn 0.99 Mn 0.01 OS (M = Ca, Ba), as shown in Fig. 6 . The ML of MZn 0.99 Mn 0.01 OS (M = Ca, Ba) could be divided into three processes, trapping, detrapping and energy transfer. Under the irradiation of UV light (254 nm), the electrons were excited from valence band to the conduction band of MZnOS. As the effect of electron traps, the electrons were trapped and the energy was stored, and simultaneously holes were also trapped by the hole traps in this trapping process. In the detrapping process, when the applied load was applied, the trapped electrons could be released to conduction band induced by piezoelectric field and the holes could also detrap from the hole traps. After that, the detapping electrons and holes could be 
